Abstract: This study aims to evaluate the effect of occupational exposure to noise and organic solvents on hearing loss in the aviation industry. The study population comprised 542 male workers, who worked in avionics jobs in Kimhae, Korea, who kept records of work environment evaluations and medical examinations. The Cumulative Exposure Index (CEI) was constructed to assess the lifetime cumulative exposure of the workers, and pure tone audiometry(PTA) data of the workers from their biannual medical surveillance was used to assess hearing loss. The prevalence of hearing loss found in the group exposed to noise and mixed solvents simultaneously (54.9%) was higher than those in the other groups (6.0% in the unexposed, 17.1% in the noise-only, and 27.8% in the exposed to only a solvents mixture). The relative risks, adjusted for age, were estimated to be 4.3 (95% CI 1.7-10.8) for the noise-only group, 8.1 (95% CI 2.0-32.5) for the noise and solvents group, and 2.6 (95% CI 0.6-10.3) for the solvents-mixture group. These suggest that chronic exposure to mixed solvents had a toxic effect on the auditory system. This raises the issue of whether hearing conservation regulations should be applied to all workers exposed to solvents.
Introduction
Hearing loss is still one of the most prevalent occupational diseases in industry. Overexposure to noise has been known to cause occupational hearing loss. Such exposure is common in many industrial settings, such as construction, mining, agriculture, manufacturing and utilities, transportation, and the military. Recently, however, solvents either alone or interacting with noise have emerged as a major cause of occupational hearing loss. Simultaneous exposure to noise and solvents has worsened hearing loss in occupational settings 1) . Organic solvents, known to be hazardous materials, can induce both central 2, 3) and peripheral neurotoxicities 4) . It has been suggested that organic solvents can injure the sensory cells and peripheral nerve endings of the cochlea, and can affect the auditory pathways in the brain [5] [6] [7] . A retrocochlear influence can also be expected. Numerous animal studies have examined the combined effects of noise and solvents on hearing loss and observed their synergistic effects on sensorineural hearing loss 1, 8, 9) . However, only few studies have focused on the effects of combined exposure to solvents and noise on hearing loss in humans, producing inconsistent results. Ship-yard painters were found to have a hearing losses higher than what could be expected from Industrial Health 2005, 43, 567-573 just exposure to noise 10) . In a paper mill factory, the solventsexposed workers in the chemical department had the most severe hearing losses even though this department was exposed to less noise than other parts of the factory 11) . Morata et al. showed through several studies that hearing loss worsened with exposure to solvents and noise compared with exposure to noise only [12] [13] [14] . On the contrary, SassKortsak et al. (1995) indicated several limitations of crosssectional design on these early studies. Therefore, they constructed lifetime styrene exposure index using current exposures together with work histories. They found that there was no significant relation between styrene exposure and hearing loss 15) . In recent years, however, Morioka et al. (2000) suggested that probable combined effects of organic solvents and noise on hearing should be considered even when the exposures are within the occupational exposure limits 16) . But Sliwinska-Kowalska et al. (2001) there was no correlation between hearing loss and the extent of mixed solvent exposure 17) . He recently suggested combined exposures to noise and styrene seem to be more ototoxic than exposure to noise alone 18) . Because of the controversy in the literature regarding noisesolvents interaction, this study aims to evaluate the effect of occupational lifetime exposure to noise and organic solvents on hearing loss in the aviation industry.
Subjects and Methods

Subjects
The study population included 542 male workers working in avionics jobs in Kimhae, Korea, which kept records of past work environment evaluations and audiometric levels. The candidates provided informed consent at their last audiometric evaluations. The workers were exposed to noise during grinding, hammering, riveting, trimming, and engine operation driving. The noise-exposed group was exposed to noise, whose levels ranged from 85 dB(A) to 101 dB(A).
Some workers were exposed to mixed organic solvents during cleaning, paint removal and painting tasks. The noise that these workers were exposed to were within exposure threshold limit values (TLVs). The major components in the solvent mixtures were methyl ethyl ketone, toluene, xylene, and methyl isobutyl ketone, but their relative proportions varied. The concentration of the mixture in the air, relative to their respective TLV, was calculated according to the formula of the American Conference of Governmental Industrial Hygienists. The results given in Table 1 indicate that the recommended concentration limit for such mixtures was exceeded in one of ten samples.
We excluded 186 workers because job information was not available for more than 30% of job exposure histories in the record. Moreover, workers who had hearing loss prior to the start of their current job (n=18), nonoccupational hearing loss (n=7), and hearing loss due to military service (n=3) were excluded. In total, this study investigated 328 workers. The study protocol was approved by the institutional review board of Ewha Womans University.
Exposure evaluation to noise and organic solvents
The noise and solvents exposure data were obtained from the biannual work environment measurement records and periodic professional walk-through. Full-shift, personal, and time-weighted average (TWA) solvents exposure was assessed for each participant, by using the conventional integrated sampling method. The air in the subject's breathing zone was drawn through a glass adsorption tube (SKC), which contained activated charcoal and was calibrated using a portable, conventional soap bubble flow meter. After sampling, the adsorbed substances were desorbed and quantified according to the gas chromatographic procedure set by the National Institute for Occupational Safety and Health 19) . The subjects each wore a personal noise dosimeter (MK3, Dupont) during a full work shift. The measurement for noise exposure is expressed in Leq or "equivalent sound level", measured in A-weighted decibels, similar to the equivalent TWA exposure for a chemical.
To assess lifetime cumulative exposure, the Cumulative Exposure Index (CEI) 12) was constructed.
Where CEI represents the cumulative exposure index for an individual, and EIi represents the exposure index for either noise or solvents at jobi, and Ti represents the work years at jobi. Here, the noise or solvents exposure index was calculated by the following criteria (Table 2 ). To determine the CEI, the total duration (year) the subject spent at his current job and previous jobs was multiplied by a corresponding exposure grade value and the resulting products were summed. The workers were grouped into either the exposure or nonexposure group by classifying them according to their CEI (Table 3) . Exposure levels of the noise and solvents (summed concentration relative to their respective TLVs) in each exposure index are also given.
The cutoff point for noise exposure was set to 5, which meant over 6 yr exposure to noise, and 10 for the solvents exposure which meant over 11 yr exposure to low-level solvents or over 3 yr exposure to high-level solvents.
According to the CEI, they were classified into four groups: no exposure, noise-only exposure, solvents-only exposure, and exposure to noise and solvents.
Measuring of hearling loss
To assess hearing loss, workers' pure tone audiometry (PTA) data from the biannual medical surveillance were used. All the subjects in this study underwent pure tone audiometry at the frequency of 0.5, 1, 2, 3, 4, 6 and 8 kHz for air conduction at pre-entrance and participated in periodic examination every year. Testing was preceded by a period of at least 14 hours without exposure to occupational noise. Subjects were tested in a sound-insulted chamber, which met the specifications of ANSI-standard-1969. A pure tone audiometer (Tracor RA 600 Microprocessor Audiometer) was used. The bilateral thresholds in the frequency range of 0.5-2 kHz were averaged, as were the bilateral thresholds of the most affected frequency in the 3-8 kHz frequency range. Audiograms were classified as normal if no average threshold exceeded 25 dB at 0.5, 1, and 2 kHz and binaural average of threshold exceeded 25 dB at 3, 4, 6, and 8 kHz using Morata's criteria 13) . In our study, high frequency hearing loss was used for analysis.
Data analysis
Trained researchers obtained data on the noise and solvents exposures and on hearing loss the medical records. They checked the data extensively to find invalid codes or consistency errors, if any. The data were analyzed using the Statistical Analysis System (SAS, version 6.12). First, the general characteristics between exposure groups were compared by Kruskal-Wallis test and chi-square test. Second, the prevalence of hearing loss by the exposure groups was calculated. Third, the risk of hearing loss associated with noise and solvents exposures in each category was calculated by logistic regression analysis. Finally, the potential risk factors were adjusted by multiple logistic regression analysis.
Results
In the aviation industry, about 50% of workers have not been exposed to either noise or solvents. Most workers were exposed noise and small percentage of exposed workers was exposed to solvents-only or combined solvents and noise. Table 4 shows the general characteristics of the subjects by exposure status. There was a significant age difference among exposure groups. The mean ages of the solventsexposed groups are higher than those of the other groups. Hypertension, diabetes mellitus, smoking, and drinking were not significantly related with exposure status. Table 5 shows the prevalence of high frequency hearing loss by exposure group. Forty-six among 328 workers showed hearing loss. The highest prevalence of hearing loss among the groups was 54.9% in the group exposed to both noise and solvents, followed by the solvents-only, noiseonly, and unexposed group. Table 6 presents the odds ratio and 95% confidence intervals for hearing loss associated with noise and solvents exposures. In the bivariate analysis, noise-exposed workers were three times more likely than unexposed workers to experience hearing loss. The odds ratios of hearing loss from solvents were higher than those from noise. However, the mean ages of the solvents-exposed groups were significantly (p<0.05) higher than those of the other two groups, so age was adjusted in the multiple logistic regression model. The magnitudes of risk were reversed in the multivariate model. The age was included in the multivariate model because it was found only significant variable to which related exposure state. Length of employment was not included in this model since it was highly related with age. The risk of noise-induced hearing loss was higher than that of solvents-induced hearing loss. The risk of combined noise and solvents-induced hearing loss was approximately the same as the mathematical product of the noise-induced risk and solvents-induced risk, the multiplicative effect. These findings did not change with age adjustment in the multiple logistic model. 
Discussion
Noise exposure has long been recognized as the major factor of occupational hearing loss, which continues to be a serious occupational risk in Korea. According to 1995 national statistics, five workers per 1,000 workers had workrelated hearing loss in Korea. Usually, medical examination for occupational hearing loss focuses on the workers exposed to noise exceeding occupational exposure limit. However, recent reports have shown that noise-induced hearing loss in the workplace can be exacerbated by chemical solvents even noise levels are within exposure limits 21) . Epidemiological data showed the ototoxic effects of organic solvents in workplaces. In a study done in Poland, 26 workers among 40 workers had hearing loss because of trichloroethylene exposure 20) . In another study, workers exposed to solvents were more likely to have hearing loss than control workers were 12, 21) . It has been hypothesized that organic solvents can injure the sensory cells and peripheral nerve endings of the cochlea, and have solventsrelated effects on the brain and a retrocochlear influence. A few studies focused on the effects of a combined exposure to solvents and noise on hearing suggest a synergistic interaction between noise and solvents 8, 10, 13) , however, this interaction was not reflected in the cumulative effects. SassKortasak et al. (1995) used the cumulative exposure index to evaluate the effect of combined exposure to solvents and noise on hearing loss, but they could not found a consistent, significant relation between styrene exposure and hearing loss 15) . In our study, the cumulative effects of combined exposure to noise and solvents on occupational hearing loss were evaluated. The findings confirmed a definite relation between hearing loss and mixed solvents, even at solvents exposure under the recommended limits. All of the exposure groups to noise and/or solvents were shown to have significantly elevated odds ratios for hearing loss. These findings suggest that chronic exposure to the mixed solvents had a toxic effect on the auditory system. Moreover, it is likely that an ototraumatic interaction between noise and mixed solvents took place. The synergistic interaction between noise and solvents was multiplicative.
The prevalence of hearing loss found in the group exposed to noise and mixed solvents simultaneously (54.9%) was higher than those in the other groups (6.0% in the unexposed group, 17.1% in the noise-only group, and 27.8% in the group exposed to a solvents mixture). Increased prevalence of hearing impairment has been reported after exposure to organic solvents in the presence of a noise level below the occupational exposure limit value 9, 18) . Jacobsen et al. reported that combined exposure to noise and solvents does not seem to have a greater impact on the hearing loss than exposure to noise-only does 22) . In a study by Morata et al. (1993) , simultaneous exposures to noise and mixed solvents, in which toluene was major component, significantly affected conventional audiometric thresholds among print and paint manufacturing workers, even when measurements of the working environments suggested that most exposure to 12) observations, in which the risk for the solvents-only group was higher than that of the noise-only group, we observed that it was less than the risk for the noise-only group. The difference may be due to the different components and exposed levels of mixed solvents. The major components in the mixture of Morata et al. were toluene (10-70 ppm) and xylene (12-40 ppm), whose concentrations were more than 10-fold higher than in our data. Our major component was methyl ethyl ketone, whose concentration was several-fold higher than that of .
Our study may also have some limitations, as well. First, information bias may exist because we depend on the medical and environmental records. Second, specific kinds of solvents related to hearing loss could not be defined. However, the effect of mixed solvents seems to be more important than the effects of specific solvents since mixed solvents are more common in the usual occupational setting. Third, the groups for solvent exposure and noise and solvent exposure were small, and hence the current study essentially falls between a case report and a full-fledged epidemiological report. And the information about the pathway or mechanism of hearing loss caused by solvents-only or combined exposure to solvents and noise could not be provided. Groups of workers with long-term occupational exposure to solvents mixtures have been evaluated with extensive audiological and vestibular tests [23] [24] [25] . The outcome of the audiological test batteries suggested that long-term exposure to solvents mixtures might give rise to lesions in the auditory pathways. A recent animal study suggested that noise-induced hearing loss was mainly related to injuries of the stereocilia, whereas styrene-induced hearing loss to outer hair cell loss 8) . These studies suggest that central and peripheral ototoxicity of solvents is possible. Even though information on the mechanisms underlying the effects of solvents on the auditory system is uncertain, the available evidences raise serious concerns regarding workers exposed to combination of noise and chemical agents.
The definite association between hearing loss and mixed solvents and multiplicative interaction of hearing loss between noise and mixed solvents, even under recommended exposure limits for solvents, are important findings of this study. Up to now, occupational hearing conservation programs have not taken chemical exposures into consideration. In many other countries, there are no regulations that require auditory monitoring of workers who are employed at locations where they are exposed to potentially ototoxic solvents 13) . Thus, numerous workers may be working in environments that cannot meet the requirements for hearing conservation. Whether hearing conservation regulations should be applied to all workers exposed to solvents is an issue to be raised.
